Introduction
============

Mesenchymal stem cells (MSCs) from various tissues and organs show potential for self-renewal and differentiation into several lineages such as endoderm, mesoderm, and ectoderm although their capabilities are limited as compared to those of embryonic stem cells. Additionally, MSCs have immunomodulatory properties through human leukocyte antigen (HLA)-ABC^high^ and HLA-DR^low^ expression and the secretion of cytokines capable of regulating immune cell activity. This immunomodulation is mediated by cell--cell interactions between immune cells and MSCs as well as the soluble factors secreted from MSCs ([@b1-ijsc-11-196], [@b2-ijsc-11-196]). MSCs produce indoleamine 2,3-dioxygenase (IDO), and nitric oxide,which suppress the maturation and activation of dendritic cells and natural killer (NK) cells, differentiation of macrophages, and proliferation of T cells ([@b3-ijsc-11-196]). The expression of pro-inflammatory cytokines, such as interferon-gamma (IFN-γ), interleukin (IL)-6, and prostaglandin E2, is regulated by MSCs when an inflammatory response is induced *in vitro* or *in vivo* ([@b4-ijsc-11-196]). Hence, MSCs have the therapeutic potential to repair damaged tissues by regulating inflammation ([@b5-ijsc-11-196]). Moreover, recent studies have demonstrated that MSC therapy in combination with solid organ transplantation is both effective and safe ([@b6-ijsc-11-196], [@b7-ijsc-11-196]).

Treg cells are characterized by high expression of Cluster of diffrentiation (CD)4, CD25, FoxP3, and IL-2 receptor alpha-chain. Treg cells are allegedly involved in the immunosuppressive effect of MSCs and can induce tolerance to self-antigens and regulation of the immune system. The population of Treg cells in humans comprises less than 3% of total CD4+ cells, yet they play a key role in immune homeostasis ([@b8-ijsc-11-196]). Furthermore, Treg cells have the capacity to suppress the immune response in several inflammatory and autoimmune diseases, and upon organ transplantation ([@b9-ijsc-11-196]). A recent study using *in vivo* imaging have highlighted that bone marrow-derived Treg cells may critically suppress the rejection of allo-hematopoietic stem cells in immunocompetent mouse models in an IL-10 dependent manner ([@b10-ijsc-11-196]). The development and maintenance of Treg cells is highly dependent on co-stimulation by various cytokines, including IL-2, transforming growth factor-beta (TGF-β), and suppressor of cytokine signaling-1. In addition, Treg regulatory functions are mediated through cell--cell contact with the cell being suppressed ([@b11-ijsc-11-196], [@b12-ijsc-11-196]). Treg cells can be identified by their expression of the transcription factor forkhead box P3 (FoxP3) and the cytotoxic T lymphocyte antigen-4 (CTLA-4). Importantly, FoxP3 not only is an essential marker and regulator of Treg cells, it also modulates differentiation through genetically programming cell fate ([@b13-ijsc-11-196], [@b14-ijsc-11-196]). FoxP3 regulates the suppressive activity of Treg cells through three acetylation sites in the FoxP3 gene: K31, K262, and K267 ([@b15-ijsc-11-196]).

Placenta-derived mesenchymal stem cells (PD-MSC), which are one early developmental source of several types of fetal tissue-derived mesenchymal stem cells, have shown therapeutic effects in several degenerative diseases ([@b16-ijsc-11-196], [@b17-ijsc-11-196]). Earlier studies have shown that PD-MSCs strongly suppress T lymphocyte proliferation through direct and indirect interactions owing to their high expression of immunomodulatory factors, including HLA-G, IDO, and various immunomodulatory cytokines ([@b18-ijsc-11-196]--[@b20-ijsc-11-196]). These findings are supported by observations that co-transplantation of PD-MSCs with cord blood in severe combined immunodeficient mice enhances the efficacy of engraftment without PD-MSC immunorejection ([@b21-ijsc-11-196], [@b22-ijsc-11-196]).

Previously, we demonstrated that chorionic plate-derived MSCs, one type of PD-MSCs, have HLA-G expression and cytokine secretion profiles different from those of bone marrow-derived mesenchymal stem cells (BM-MSCs) and adipose-derived MSCs, and moreover, they display higher potential for inhibition of T cell proliferation from an immunosuppressive point of view ([@b23-ijsc-11-196]). However, no previous studies have assessed how PD-MSCs regulate Treg cell maturation and function in comparison to other MSCs. Thus, it is necessary to examine how the regulation of FoxP3 expression in the PD-MSC co-culture system functions as an immunosuppressive mechanism in the proliferation and maturation of T cells. Therefore, this study aimed to compare the expression pattern of FoxP3 in activated T cells co-cultured with either PD-MSCs or BM-MSCs. In conjunction, we evaluated whether down-regulation of FoxP3 expression by small interfering RNA (siRNA) treatment inhibited T cell proliferation or affected the cytokine profiles in our co-culturing system.

Materials and Methods
=====================

Cell Culture
------------

BM-MSCs and normal fibroblast cells (WI38) were purchased from Cambrex Bioscience Walkersville (East Rutherford, NJ, USA) and ATCC (Manassas, VA, USA), respectively. Cells were cultured in alpha-MEM (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S, 100 mg/mL; Gibco-BRL, NY, USA), and 2 mM [l]{.smallcaps}-glutamine (Gibco-BRL). PD-MSCs were harvested from the inner side of the chorioamniotic membrane of the placenta as described previously ([@b16-ijsc-11-196]). PD-MSCs and BM-MSCs at passages 6 to 8 were used for assays. The cells were treated with 50 μg/mL of mitomycin C (MMC; Sigma-Aldrich) for 50 min to stop cell division and then used as feeder cells for co-culture with naïve or stimulated T cells isolated from peripheral blood (PB).

T Cell Isolation and Activation Using Anti-CD3 and Anti-CD28
------------------------------------------------------------

To isolate CD4+ and CD25+ T cells, PB samples were obtained from three healthy donors (N=3), and PB mononuclear cells (PBMCs) were isolated by centrifugation using a Ficoll Hypaque (Histo-paque 1077; Sigma-Aldrich) density gradient as previously described ([@b23-ijsc-11-196]). T cells were purified by exclusion of non-T cellsfrom the PBMCs by magnetic-activated cell sorting (MACS) using a Pan T Cell Isolation Kit II (Miltenyi Biotec, Auburn, CA, USA), and cultured in RPMI1640 medium containing 3% FBS. For T cell stimulation, purified T cells (5×10^5^) were cultured with 1.5 μg/mL soluble anti-CD3 (eBioscience, San Diego, CA, USA) and 1.5 μg/mL soluble anti-CD28 (eBioscience) for 72 h. Successful stimulation (T cell clustering) was confirmed by bright-field microscopy.

Co-culture of Activated T Cells with Feeder Cells
-------------------------------------------------

To analyze the immunomodulatory effect of feeder cells, BM-MSCs, PD-MSCs, and WI38 cells were seeded at 2×10^3^, 1×10^4^, and 2×10^4^ cells per well, respectively, in a 96-well plate. After stabilization for 3 h, 5×10^5^ of activated T cells were added and co-cultured with or without 1.5 μg/mL anti-CD3 and 1.5 μg/mL anti-CD28 monoclonal antibodies (mAbs) for 48 h at 37°C in 5% CO~2~.

Knock-down of FoxP3 Expression Using the AMAXA System
-----------------------------------------------------

For FoxP3-siRNA transfection of T cells, the 4D-Nucleofector^TM^ X kit (Lonza/Amaxa Biosystems, Walkersville, MD, USA) was used according to the manufacturer's instructions. FoxP3-siRNA and non-targeting siRNA (mock) were purchased from Ambion (Austin, TX, USA). The FoxP3-specific target sequences used in this study were 5′-GGGACCAAGAAGUGAGGUUTT-3′ (sense) and 5′-AACCUCACUUCUUGGUCCCTG-3′ (antisense). After electronic transfection, the cells were activated with 1.5 μg/ml of anti-CD3/anti-CD28 and co-cultured with 2×10^5^ cells of MMC-exposed feeder cells (BM-MSCs, PD-MSCs, WI38).

T Cell Proliferation Analysis
-----------------------------

To analyze the proliferative response during clonal expansion of activated T cells in co-culture with feeder cells, we used the BrdU proliferation ELISA kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. Colorimetric reactions were measured with an ELISA reader (Biotek, VT, USA) at 370 nm. These experiments were performed in triplicate.

RNA Isolation and Quantitative Reverse Transcriptase (qRT-)PCR Analysis
-----------------------------------------------------------------------

To confirm *FoxP3* gene expression, co-cultured feeder cells treated with MMC and activated T cells were harvested, homogenized and total RNA was isolated by Trizol reagent (Invitrogen) according to the manufacturer's instructions. The mRNA level of FoxP3 was determined by qRT-PCR using the SYBR^®^ExScript^TM^RT-PCR Kit (TaKaRa, Tokyo, Japan) followed by detection on StepOne equipment (Applied Biosystems). The sequences of the FoxP3 primerpair were as follows: FoxP3 forward, 5′-CACAACATGCGACCCCCTTTCACC-3′; FoxP3 reverse, 5′-AGGTTGT GGCGGATGGCGTTCTTC-3′. The target sequence was amplified by using the following thermal conditions: 2 min at 95°C and 40 cycles of 5 s at 95°C and 30 s at 59°C. All reactions were carried out in triplicate.

Fluorescence-activated Cell Sorting (FACS) Analysis
---------------------------------------------------

To analyze intracellular FoxP3 expression, co-cultured feeder and activated T cells were dissociated in cell dissociation buffer (Gibco-BRL). The Treg detection kit (Miltenyi Biotec) was used according to the manufacturer's instructions. Stained cells were analyzed by multicolor flow cytometry on a FACS Calibur instrument (BD Biosciences, Mountain View, CA, USA) with CellQuest software (BD Biosciences).

Bio-Plex Cytokine Assay
-----------------------

Supernatants of T cells cultured in the absence or presence of feeder cells with or without 1.5 μg/mL anti-CD3/anti-CD28 mAbs were harvested after 72 h of cultivation. The Bio-Plex Pro Hu Cytokine assay 9-plex panel and Bio-Plex TGF-β assay kit were used with the Bio-Plex Suspension Array System (Bio-Rad) to profile cytokine expression (IL-2, IL-4, IL-5, IL-6, IL-12, IL-13, IFN-γ, TGF-β1, TGF-β2, and TGF-β3). The assay was performed according to the manufacturer's instructions. The concentrations of each cytokine were determined using an array reader. All samples were assayed in duplicate and analyzed with a Luminex 200 Labmap system (Luminex, Austin, TX, USA). Data analyses were performed using Bio-Plex Manager software version 4.1.1 (Bio-Rad). Cytokine/chemokine concentrations were interpolated using an appropriate standard curve. All experiments were performed in triplicate.

Statistical Analysis
--------------------

All experiments were replicated at least three times independently. The results are presented as the mean± standard deviation (SD). Group means were comparedusing Student's *t*-test or ANOVA followed by the LSD post-hoc test. Values of p\<0.05 were considered to indicate statistical significance.

Results
=======

Inhibition of PB T Cell Proliferation via Co-culture with MSCs
--------------------------------------------------------------

Culturing of purified T cells in the presence of the T cell-activating mAbs anti-CD3/anti-CD28 for 3 days promoted the clustering of activated T cells. In contrast, T cell cluster formation was markedly reduced in co-culture with PD-MSCs or BM-MSCs ([Fig. 1A](#f1-ijsc-11-196){ref-type="fig"}). Furthermore, proliferation was significantly suppressed in T cells co-cultured with PD-MSCs and BM-MSCs when compared to cells in solo culture ([Fig. 1B](#f1-ijsc-11-196){ref-type="fig"}) or in co-culture with WI38 cells which were derived from human lung tissue ([@b24-ijsc-11-196]) (^\#^p\<0.05, [Fig. 1B](#f1-ijsc-11-196){ref-type="fig"}) as indicated by BrdU ELISA ([Fig. 1B](#f1-ijsc-11-196){ref-type="fig"}). The proliferation-suppressive effect of PD-MSCs and BM-MSCs was dose-dependent. These data showed that PD-MSCs and BM-MSCs can inhibit PB T cell proliferation.

MSCs Promote Differentiation of Naïve PB T Cells Into CD4+CD25+FoxP3+Treg Cells
-------------------------------------------------------------------------------

Isolated PB T cells were co-cultured with PD-MSCs, BM-MSCs, and WI38 cells for 3 days in the presence of mABs anti-CD3/anti-CD28, and CD4+CD25+FoxP3+ T cells were identified by FACS. In co-culture-free conditions, the portion of CD4+CD25+FoxP3+ T cells was 3.54%. In co-culture with PD-MSCs or BM-MSCs, CD4+ CD25+FoxP3+ T cells increased to 10.89% and 6.37%, respectively. However, in co-culture with WI38 cells, the portion of CD4+CD25+FoxP3+ T cells was only 3.18%, similar to that in co-culture-free conditions ([Fig. 2A](#f2-ijsc-11-196){ref-type="fig"}, upper panels). We found the highest rates of CD4+CD25+ FoxP3+ expression in T cells co-cultured with PD-MSCs, and these rates were significantly different from those in cells co-cultured with BM-MSCs (^§^p\<0.05, [Fig. 2B](#f2-ijsc-11-196){ref-type="fig"}) and WI38 (\*p\<0.001, [Fig. 2B](#f2-ijsc-11-196){ref-type="fig"}). In cells co-cultured with BM-MSCs, the fraction of CD4+CD25+FoxP3+ T cells was significantly higher than that in WI38 co-culture (\*p\<0.001, [Fig. 2B](#f2-ijsc-11-196){ref-type="fig"}).

To investigate the role of FoxP3 in Treg differentiation, we knocked down FoxP3 expression in purified T cells using siRNA. Mock siRNA was used as a control. FoxP3 mRNA levels were significantly decreased in siFoxP3-treated T cells in all PD-MSC, BM-MSC, and WI38 co-culture conditions as compared to the respective siRNA mock controls (\*p\<0.05, [Fig. 3](#f3-ijsc-11-196){ref-type="fig"}). However, FoxP3 mRNA levels in T cells co-cultured with PD-MSCs were higher than those in co-culture with BM-MSCs (^†^p\<0.05) or WI38 cells (^§^p\<0.05). Knockdown of FoxP3 significantly reduced Treg differentiation in both PD-MSC and BM-MSC co-cultures to the co-culture-free control level, with values of 2.71% and 3.28%, respectively ([Fig. 2A](#f2-ijsc-11-196){ref-type="fig"}, lower panels, p\<0.01, [Fig. 2B](#f2-ijsc-11-196){ref-type="fig"}). These results indicated that MSCs promote differentiation of naïve PB T cells into CD4+CD25+FoxP3+ Treg cells, likely via FoxP3, and PD-MSCs are more effective regulators of T cell differentiation than BM-MSCs. However, when the si-FoxP3 group compared dot plots with each co-culture-free control group, overall protein expression of CD25 and FoxP3 was slightly elevated. The same results were obtained in repeated experiments several times, and it is necessary to investigate the cause in follow-up studies.

FoxP3 Exerts Its Immunomodulatory Effects on T Cells Through Cytokine Regulation
--------------------------------------------------------------------------------

To investigate FoxP3 immunomodulatory effects on T cells further, we measured the levels of immune-regulatory cytokines secreted by siFoxP3- and mock-treated T cells in the absence or presence of feeder cells using multi-cytokine analysis. In [Fig. 4](#f4-ijsc-11-196){ref-type="fig"}, results for pro-inflammatory cytokines are shown in panel A, and those for anti-inflammatory cytokines are presented in panel B. IL-2 and IL-12 levels were significantly lower in PD-MSC, BM-MSC, and WI38 co-cultures than in co-culture-free conditions. In co-culture-free conditions, IL-2 levels in siFoxP3-treated cell cultures were significantly decreased. IL-6 secretion was significantly higher in PD-MSC, BM-MSC, and WI38 co-culture conditions than in co-culture-free controls. In contrast, IL-6 secretion in siFoxP3-treated cell cultures was significantly increased in comparison to siRNA mock control cells co-cultured with PD-MSCs or BM-MSCs (p\<0.05). IFN-γ levels were significantly higher in PD-MSC and WI38 co-culture conditions but lower in BMSC co-cultures than in the co-culture-free control and were significantly decreased in co-culture-free and PD-MSC or BM-MSC co-culture by siFoxP3-treatment (p\<0.05).

As for the anti-inflammatory cytokines, IL-4 secretion was significantly lower in PD-MSC, BM-MSC, and WI38 co-cultures than in co-culture-free conditions(p\<0.05). IL-5 levels were significantly lower in BM-MSC and WI38 (p\<0.05), but not in PD-MSC co-cultures, than in co-culture-free condition. siFoxP3 treatment significantly lowered IL-5 secretion in co-culture-free condition, while it significantly induced IL-5 secretion in PD-MSC co-culture when compared to the respective mock controls (p\<0.05). IL-13 levels were significantly higher in PD-MSC and WI38 (p\<0.05) but significantly lower in BM-MSC co-cultures than in co-culture-free condition. In siFoxP3-treated cells, IL-13 levels were significantly decreased in co-culture-free conditions and BM-MSC co-cultures; however, they were significantly increased in PD-MSC co-culture (p\<0.05, [Fig. 4B](#f4-ijsc-11-196){ref-type="fig"}).

The TGF-β family is involved in immunmodulation as well as T-cell maturation ([@b25-ijsc-11-196]). In [Figure 5](#f5-ijsc-11-196){ref-type="fig"}, the secretion patterns of the TGF-β family members investigated, TGF-β1, TGF-β2, and TGF-β3,were similar. TGF-β levels were significantly higher in PD-MSC and BM-MSC co-cultures than in co-culture-free and WI38 co-culture conditions, for both siFoxP3-treated and mock controls (p\<0.05). In cultures of siFoxP3-treated cells, TGF-β2 and TGF-β3 levels were significantly increased in PD-MSC co-culture, and the TGF-β2 level was significantly increased in BM-MSC co-culture (p\<0.05). Together, these results indicated that MSCs can regulate the levels of anti-and pro-inflammatory cytokines and TGF-β family members, and FoxP3 might be a key factor in the immunomodulation of Treg cells by MSCs.

Discussion
==========

Treg cells, which are required to maintain immunological tolerance, can be induced by several trophic factors secreted by MSCs such as TGF-β, IFN-γ, and IL-2 ([@b26-ijsc-11-196]). The generation and development of natural Treg cells are affected by Treg-associated molecules including CD25, CTLA-4, IL-2, and FoxP3. Among these, FoxP3 is involved in Treg cell maturation and is stably expressed in mature Treg cells. High FoxP3 expression suppresses effector T cells directly or indirectly through activated antigen-presenting cells, resulting in immunological tolerance to self and non-self ([@b27-ijsc-11-196]). Although no studies have compared FoxP3 expression patterns in Treg cells induced by MSCs isolated from different organs or tissues, recently, Jones et al. reported that placenta-derived MSCs can suppress allogeneic T cell proliferation through induction of IDO by IFN-γ ([@b19-ijsc-11-196]). In addition, Erkers et al. reported that the suppressive effect of placenta-derived MSCs, including decidual stromal cells isolated from the fetal membrane of term placenta, required cell--cell contact, which was consistent with an increased frequency of FoxP3+ Treg cells through IDO expression ([@b28-ijsc-11-196]).

In the present study, we compared the expression of FoxP3 in activated T cells co-cultured with either PD-MSCs or BM-MSCs and analyzed the inhibition of T cell proliferation and differences in cytokine profiles. Moreover, we verified the immunomodulatory function of PD-MSCs using FoxP3 siRNA.

It has been recently reported that the differential secretome of stem cells is important for understanding the mechanisms underlying diverse therapeutic effects of a certain type of stem cells in several diseases ([@b29-ijsc-11-196]--[@b31-ijsc-11-196]). In support of this, in the present study, we found dynamically altered secretion of several cytokines from T cells co-cultured with PD-MSCs, BM-MSCs, or WI38 normal fibroblasts. Moreover, down-regulation of FoxP3 by siRNA decreased the secretion of several cytokines (e.g., IL-2, IFN-γ) that affect immune suppression.

It has been previously shown that in Treg cells, FoxP3 acts as a positive regulator of IL-2, and in turn, the IL-2-mediated JAK-STAT5 signaling pathway regulates FoxP3 expression in both mice and humans ([@b32-ijsc-11-196]). These findings are in good accord with our observation that IL-2 expression in activated T cells was significantly decreased after siRNA-FoxP3 treatment. In addition, the expression of IL-6 -an important inflammatory cytokine-in MSCs, including PD-MSC and BM-MSC co-cultures, was significantly increased in siRNA-FoxP3-treated MSCs.

By profiling anti-inflammatory cytokines, we showed that the secretion of IL-4, IL-5, and IL-13 by T cells was increased by FoxP3 knockdown in co-cultures with MSCs but not WI38 cells, and the levels of these cytokines were higher in PD-MSC than in BM-MSC co-cultures. Thus, secretion of anti-inflammatory cytokines by T cells co-cultured with PD-MSCs was higher than that in co-culture with BM-MSCs, even when FoxP3 was down-regulated, implying that PD-MSCs have superior immunomodulatory capacity. Recent studies have found that BMSCs modulate immune responses through the expression of TGF-β ([@b25-ijsc-11-196]). These findings strongly correlate with the high secretion of TGF-β1, -β2, and -β3 in BM-MSC co-cultures observed in this study. However, we found no difference in the expression of TGF-β2 between the BM-MSC and PD-MSC co-cultures, regardless of FoxP3 expression.

In conclusion, our study indicated that PD-MSC could regulate Foxp3 expression in Treg by several inflammatory and anti-inflammatory cytokines. However, cytokine mechanism between PD-MSC and Foxp3 was not fully explained through this study. Furthermore, Future studies should focus on the mechanism of signal transduction between Foxp3 and each of the inflammatory cytokines regulated by PD-MSC or BM-MSC co-culture.
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![Immunomodulatory effects of MSCs derived from placenta (PD-MSCs) and bone marrow (BM-MSCs) on activated PB T cells depend on co-cultured MSCs in a dose-dependent manner. (A) The clustering of activated T cells decreased with an increasing number of co-cultured MSCs, but not in co-culture with normal fibroblast WI38 cells. Scale bar=50 μm. (B) Proliferation of T cells co-cultured with each of type of MSCs as determined by BrdU ELISA analysis after 72 h of culture. \*p\<0.05 vs. co-culture-free cells. ^\#^p\<0.001 vs. co-culture with WI38 cells.](ijsc-11-196f1){#f1-ijsc-11-196}

![Differentiation of naïve PB T cells into CD4+CD25+FoxP3+ Treg cells when co-cultured with PD-MSCs, BM-MSCs, and WI38 cells. Dot plots of populations are shown in (A), and the bar graph shows the quantification of the FACS analysis data (B). \*p\<0.001 vs. co-culture with WI38 cells. ^\#^p\<0.01 vs. non-siFoxP3-treated cells. ^§^p\<0.05 vs. co-culture with BMSCs.](ijsc-11-196f2){#f2-ijsc-11-196}

![*FoxP3* gene expression in cells treated with FoxP3 and mock siRNA and co-cultured with PD-MSCs, BM-MSCs, and WI38 cells. *FoxP3* gene expression was assessed by qRT-PCR (A). \*p\<0.05 vs. mock control cells. ^\#^p\<0.05 vs. co-culture-free cells. ^§^p\<0.05 vs. co-culture with WI38 cells. ^†^p\<0.05 vs. co-culture with BM-MSCs.](ijsc-11-196f3){#f3-ijsc-11-196}

![Multi-cytokine analysis. Supernatants from cells subjected to siFoxP3 or mock treatment and co-cultured with PD-MSCs, BM- SCs, and WI38 cells for 72 h were harvested and analyzed by multi-cytokine assays for (A) pro-inflammatory and (B) anti-inflammatory cytokines. \*p\<0.05 vs. mock control cells. ^\#^p\<0.05 vs. co-culture-free cells.](ijsc-11-196f4){#f4-ijsc-11-196}

![Expression of TGF-β family members in supernatants from cells subjected to siFoxP3 or mock treatment and co-cultured with PD-MSCs, BM-MSCs, and WI38 cells for 72 h were harvested and analyzed by multi-cytokine assays. \*p\<0.05 vs. mock control cells. ^\#^p\<0.05 vs. co-culture-free cells.](ijsc-11-196f5){#f5-ijsc-11-196}
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